Abstract. autophagy, an important homeostatic cellular recycling mechanism, has emerged as a novel cytoprotective mechanism to increase tumor cell survival through escaping chemotherapy-induced cell death. to explore whether autophagy plays a protective role in the resistance to the tumor necrosis factor-related apoptosis-inducing ligand (trail), we evaluated the autophagy levels in trail-sensitive MDa-MB-231 breast cancer cell lines and in trail-refractory MDa-MB-231 cells before and after trail treatment. after treatment with 40 ng/ml trail, trail-sensitized MDa-MB-231 parental cells expressed higher level of lc3B protein and accumulated more autophagic vacuoles. compared with trail-sensitive MDa-MB-231, MDa-MB-231 trail-refractory cells showed higher levels of the lipidated form of lc3B and decreased p62/SQStM1 protein expression, characterizing the occurrence of increased autophagic flux in TRAIL-refractory cells. electron microscopy and monodansylcadaverine (MDc) autophagy-specific fluorescence staining analyses also revealed that the accumulation of autophagic vacuoles was drastically higher in trail-refractory MDa-MB-231 parental cells. We demonstrated that chloroquine (cQ) and 2-(4-morpholinyl)-8-phenylchromone (ly294002) could effectively reduce trail-refractory breast cancer cell viability. combination of trail with cQ could effectively reverse the resistance of MDa-MB-231 trail-refractory cells to trail. Knockdown of light chain 3 (lc3) expression via small interfering rna (sirna) similarly resulted in reduced trail-refractory cell proliferation and re-sensitizing to TRAIL. This is the first report showing that breast cancer cells chronically exposed to trail exhibit upregulation of the autophagic activity, indicating that autophagy efficiently protects breast cancer cells from trail. therapeutic targeting of autophagosome formation could be a novel molecular avenue to reduce the resistance of trail in breast cancer.
Introduction
autophagy is an evolutionarily conserved catabolic process. it can damage long-lived cellular proteins and degrade organelles, through facilitating cytoplasmic turnover and maintains metabolic homeostasis in double-membrane vesicles, termed autophagosomes (1, 2) . When cells need to generate intracellular nutrients and energy, for instance, during starvation, growth factor withdrawal, or high bioenergetic demands, autophagy can be upregulated (3) . Moreover, basal autophagy can serve as an important homeostatic cellular recycling mechanism responsible for degrading unnecessary or dysfunctional cellular organelles and proteins in all living cells (4) . autophagy can promote the survival of tumor cells in poorly vascularized and hypoxic tumors or cytotoxic treatments (5, 6) . Many preclinical studies have demonstrated that genetic or pharmacological inhibition of autophagy can enhance drug-and radiation-induced cytotoxicity in cell culture and in vivo (7) . autophagy has a potent cytoprotective survival pathway in normal and cancer cells.
tumor necrosis factor-related apoptosis-inducing ligand (trail) belongs to the tnf super family that can initiate apoptosis via activating the extrinsic apoptosis pathway (8) . Due to its remarkable feature of selectively inducing apoptosis in cancer cells without causing damage to normal cells (9) , has led to multiple clinical trials to evaluate the antitumor potential of recombinant human trail (rhtrail) and it emerged as a potential therapeutic agent (10, 11) . trail triggers typical apoptotic signaling by binding to its receptors, death receptor 4 (Dr4) and 5 (Dr5), thereby recruiting the assembly of the death-inducing signaling complex (DiSc), which activates the caspase cascade (12) . ongoing and completed phase Ⅰ and Ⅱ clinical trials with TRAIL are showing clinically promising outcomes with no apparent toxicity (13 2 and Qifeng yang variety of cancer cells are resistant to the apoptotic effects of trail (14, 15) . the majority of breast cancer cells are resistant to trail-mediated apoptosis (16) . the mechanisms underlying resistance to trail are not fully-understood, and the identification of TRAIL resistance factors could facilitate the development of more effective trail-based cancer therapies. We demonstrated that autophagy may be a potential target to overcome trail resistance of breast cancer cells.
Materials and methods
Production of rhTRAIL. rhtrail was produced by our laboratory (17, 18) .
Cell culture and reagents. the human breast cancer cell line MDa-MB-231 was obtained from the american type culture collection (atcc) (Manassas, va, uSa), and routinely cultured in DMeM medium (gibco-Brl, rockville, MD, uSa)/high glucose medium supplemented with 10% fBS (Haoyang Biological Manufacturer co., ltd., tianjin, china) containing, 100 u/ml penicillin and 100 µg/ml streptomycin. The cells were maintained at 37˚C in humidified air with 5% co 2 . chloroquine (cQ) and monodansylcadaverine (MDc) were obtained from Sigma-aldrich (St. louis, Mo, uSa).
Establishment of TRAIL-acquired autoresistance in MDA-MB-231 breast cancer cells. to establish MDa-MB-231
trail-refractory cells exhibiting resistance to the trail, trail-sensitive MDa-MB-231 parental cells were exposed to incremental increases of trail. trail-resistance selection continued until the MDa-MB-231 cells could sustain cell viability and proliferate when challenged with 400 ng/ml. trail-refractory cells were obtained upon exposure of MDa-MB-231 cells for a minimum of 10 months before starting any experimental procedure. Briefly, MDA-MB-231 cells that were initially exposed to 40 ng/ml trail for 3 months, and then treated with 400 ng/ml trail for 2 months (twice weekly) resisted continuous growth in 640 ng/ml trail. the resistant cells were maintained in medium without trail for at least 10 days before each experiment.
Cell viability assay. cell viability was determined by colorimetric assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Briefly, cells (2,000 cells/well) were seeded in 96-well plates and allowed to attach overnight at 37˚C. Then culture medium containing vehicle or drugs was added to the medium in each well and incubating for indicated time points. the cells in 96-well plates were incubated with 20 µl Mtt in growth medium at indicated time points. after incubating at 37˚C for 4 h, the supernatants were carefully aspirated and the resulting crystals were dissolved in 100 ml dimethyl sulfoxide (DMSo) . absorbance values at 490 nm were determined by the Microplate reader (Bio-rad, Hercules, ca, uSa). Data are presented as the percentage of survival rate relative to vehicle-treated control.
Electron microscopy assay. to detect the autophagic vacuoles directly, we performed ultra structural analysis under electron microscopy. Briefly, cells were fixed in a mixture of 2.5%, paraformaldehyde and 2.0% gluteraldehyde in 0.1 M cacodylate buffer, pH 7.3, for 1 h. After fixation, the samples were post-fixed in 1% oso 4 in the same buffer for 1 h and then subjected to electron microscopic analysis. representative areas were selected for ultrathin sectioning and viewed with a jeM 1010 transmission electron microscope (jeol uSa, inc., Peabody, Ma, uSa) at an accelerating voltage of 80 kv. Digital images were obtained with the aMt imaging System (advanced Microscopy techniques, Danvers, Ma, uSa).
Immunofluorescence staining. Immunofluorescence staining was used to perform the localization and the level of expression of lc3B and p62/SQStM1. in brief, cells were grown on cover slips in the 24-well plates for 3 days, for the different treatments. After fixing with 4% paraformaldehyde for 15 min at room temperature and extensive wash in PBS, cells were permeabilized with 0.1% triton X-100 in PBS (PBSt) for 25 min. then cells were blocked with 10% goat serum in PBSt for 1 h, followed by incubating with rabbit anti-lc3B or anti-p62/SQStM1 monoclonal antibodies (cell Signaling technology, inc., Danvers, Ma, uSa) and rhodamine-conjugated anti-rabbit secondary antibodies (Kirkegaard & Perry laboratories, inc., gaithersburg, MD, uSa). the nuclear Dna was stained with 4',6-Diamidino-2-phenylindole (DaPi) for 5 min. finally, antifading medium was added and the cover slips were immediately observed under a DP71 fluorescence microscope (olympus, tokyo, japan).
MDC staining. MDc staining of autophagic vacuoles was performed for autophagy analysis. autophagic vacuoles were labeled with MDC (50 µM) in PBS at 37˚C for 10 min. And then, the cells were washed three times with PBS. autophagic vacuoles were observed immediately under DP71 fluorescence microscope (excitation wavelength, 380 nm; emission filter, 525 nm).
Immunoblotting analysis. vehicle-or drug-treated cells were lysed in a lysis buffer containing 50 mM tris-Hcl, pH 7.5, 150 mM nacl, 1% nonidet P-40, 0.25% sodium deoxycholate, 0.1% SDS with protease inhibitors. lysates were centrifuged at 12,000 rpm for 15 min. Supernatants were collected, subjected to electrophoresis on 12% (for lc3B antibody) or 10% (for other primary antibody) SDS-polyacrylamide gels and transferred to polyvinylidene fluoride membranes (ImmobilonP; Millipore, Bedford, Ma, uSa). the membrane was blocked with 5% non-fat dry milk for 1 h, then incubated with indicated primary antibody (cell Signaling technology, inc.) overnight at 4˚C. The membrane was treated with horseradish peroxidase conjugated secondary antibodies. Signals were detected by enhanced chemiluminescence.
siRNA transfection. the synthetic small interfering rna (sirna) oligos-specific to light chain 3 (lc3) was purchased from Shanghai genePharma, ltd. (Shanghai, china) with the corresponding sequence: 5'-aaaucccgg ugauaauaga-3'. cells were seeded in 6-well plates at a density of 6x10 5 cells/well in antibiotic-free medium and allowed to attach overnight. sirna and transfection reagent were diluted, respectively, in a separate tube containing 200 µl of serum-free medium. following 5 min incubation, sirna-con taining medium was added to Dharmafect-containing medium. this mixture was allowed to incubate for 20 min to allow liposome formation and sirna loading. Antibiotic-free complete medium was then added to a final volume of 2 ml and plated onto cells. transfected cells were split 1:2 48 h later into new 6-well plates and allowed to attach overnight. the next day, cells were retransfected exactly as before, so as to achieve more efficient and sustained knockdown for an extended period of time. cells were re-seeded 24 h later for subsequent experimentation.
Statistical analysis. SPSS software version 18.0 was used for statistical analysis. variance analysis was used to determine significance. All error bars represent the SD of three experiments. Differences with p<0.05 were considered significant.
Results

TRAIL reduced cell viability and induced autophagy in breast
cancer. to assess the effects of trail on breast cancer cell viability and to examine whether trail-refractory cells were resistant to trail, MDa-MB-231 cells and MDa-MB-231 trail-refractory cell lines were treated with varying doses of trail (0, 10, 20, 40, 80, 160 ng/ml and 0, 20, 40, 80, 160, 320, 640, 1280 ng/ml, respectively) for 72 h. Drug-induced cell death was measured on Mtt assay. trail resistance was demonstrated in the trail-refractory cells ( fig. 1a) .
the trail-refractory cells were separately examined for the morphological changes of MDa-MB-231 cells and MDa-MB-231 trail-refractory cells by light microscopy. We observed that the cells were larger after treatment with trail ( fig. 1B) .
To find the mechanisms involved in TRAIL-mediated cell death, we investigated the autophagic pathway.
the MDa-MB-231 and MDa-MB-231 trail-refractory cells were treated with trail (40 or 400 ng/ml) for 72 h. the percentages of autophagic vacuoles in tested cell lines following treatment with trail were analyzed by lc3B conversion by immunoblotting and immunofluorescence staining. as shown in fig. 2a , lc3B immunoblotting revealed that LC3B-Ⅰ (16 kDa) and LC3-Ⅱ (14 kDa), LC3B-lipidated form was increased in a dose-dependent manner in MDa-MB-231 and MDa-MB-231 trail-refractory cells following trail treatment. High levels of lc3-lipidated form indicated impairment in autophagosome maturation. fluorescence micrographs ( fig. 2B ) revealed the number and intensity of punctuate LC3B fluorescence increased after treatment with trail, we utilized this property of lc3B to initially monitor changes in the dynamics of the autophagic process. the results showed, lc3B-lipidated form increased in a dose-dependent manner in breast cancer cells following trail treatment.
to detect the development of autophagic vacuoles, non-treated and treated MDa-MB-231 or MDa-MB-231 trail-refractory cells were stained with MDc. MDc is a specific marker for autophagic vacuoles (19) . the result showed trail-induced autophagic vacuoles formation in breast cancer cells when compared with control cells (fig. 2c) .
TRAIL resistance correlated with an accumulation of autophagosomes. autophagic activity might represent a previously unrecognized pro-survival pathway underlying acquired autoresistance to trail. Since it is a dynamic, multi-step process that can be modulated at several steps, both positively and negatively, we examined autophagy in several ways. firstly, the striking accumulation of autophagosomes was measured by LC3 lipidation on western blotting and fluorescent staining. as shown in fig. 3a , immunoblotting exhibited distinct patterns of lc3B expression between trail-sensitive and trail-refractory cell lines. in trail-sensitive cell lines, LC3B existed primarily in its cytosolic form, LC3B-Ⅰ. By contrast, trail-refractory cells were characterized by the upregulating of the lipidated form, LC3B-Ⅱ. Using fluorescence microscopy, we confirmed the high basal levels of autopha- Moreover, we performed two complementary experimental strategies by measuring p62/SQStM1 protein expression to further distinguish the level of autophagy. as shown in Fig. 3A and C, immunoblotting and immunofluorescence staining detected a slight but significant reduction in the total p62/SQStM1 protein content in trail-refractory-derived whole cell lysates when compared with p62/SQStM1 protein expression status in trail-naïve MDa-MB-231 parental cells.
We used MDc staining and electron microscopy to further confirm that autophagosome formation was increased in trail-refractory cells. We demonstrated that TRAIL-refractory cells exhibited higher fluorescent density and more MDc-labeled particles compared with trail-naïve MDa-MB-231 cells, indicating that trail resistance correlates with the increase of MDc recruitment to autophagosomes in the cytoplasm of cells ( fig. 3D) . further, electron microscopy images clearly showed the presence of a large number of autophagosomes in trail-refractory cells but not in MDa-MB-231 cells ( fig. 3e) . these results suggested that trail resistance was related to an accumulation of autophagosomes.
Blocking autophagosome function enhances TRAIL efficacy in TRAIL-refractory cells. to pharmacologically evaluate whether the basal autophagy was actively involved in the development of trail resistance, we assessed the growth inhibitory effects of autophagy inhibitors (20) . firstly, trail-resistant MDa-MB-231, trail-refractory and trail-naïve MDa-MB-231 cells were pretreated with cQ. the cytotoxic effect of cQ treatment was measured by Mtt. the result showed that cQ effectively reduced cell viability in trail-refractory cells ( fig. 4a) . this was further supported when similar studies were carried out in the presence of 2-(4-morpholinyl)-8-phenylchromone (ly294002). in terms of cell viability, trail-refractory cells were exquisitely sensitive to this agent that blocks phosphatidy-linositol 3-kinase activity and prevents autophagic sequestration ( fig. 4a ).
Pharmacologically-induced loss of autophagosome formation is highly cytotoxic to trail-refractory cells ( fig. 4a ) compared with cell viability effects in trail-naïve MDa-MB-231 parental cells (fig. 4B ). representative immune-confocal images of MDa-MB-231 trail-refractory cells cultured in the absence or presence of cQ (20 ng/ml) and ly294002 (10 µM) for 72 h are shown in Fig. 4D . We further confirmed that ly294002 treatment was efficient at reducing the number of lc3-positive autophagosomes while cQ was able to increase the number of lc3-positive autophagosomes in TRAIL-refractory cells. Collectively, these findings strongly suggested that increased macroautophagy actively provided a survival function to trail-refractory cells. To find additional evidence that autophagy plays a critical survival role in enabling trail-refractory cell proliferation and to avoid any off-target side-effects that may confound interpretation of the results obtained with autophagy inhibitors, we tested the potent and highly sequence-specific mechanism of rna interference (rnai) to block lc3-dependent autophagosome formation. trail-refractory cells transiently transfected with sirna targeting Atg8/LC3 gene (the key autophagy regulatory gene). as shown in fig. 5a , lc3 sirna blocked the expression of lc3B by immunoblotting and immunofluorescence staining. Moreover, we further confirmed that transfection of siRNA knock-down of LC3 was followed by exposure to 40 ng/ml trail, an ineffective low-dose of trail to trail-refractory cells, obviously inhibited cell proliferation ( fig. 5B) . collectively, these data demonstrated clearly that hyperactivation of basal autophagy is actively involved in the development of resistance of breast cancer cells to trail. 
Combined TRAIL and autophagy inhibition acts synergistically to reduce TRAIL-refractory breast cancer cell viability.
thus far, we have demonstrated that trail-refractory cells are exquisitely more sensitive to lysosomotropic inhibition of autophagy when compared to MDa-MB-231 parental cells. to determine whether lysosomotropic inhibition of autophagy could reverse trail-refractory breast cancer cell resistance to trail, trail-refractory cells were treated with trail (40 and 160 ng/ml), cQ (20 ng/ml) for 48 h, and their viability was assessed by Mtt. the result showed that treatment with trail alone led to reduction in viable cells of 3-8%; their combination, however, yielded a more pronounced decrease in viability of 40-70% ( fig. 4B ). Data analysis revealed that the decrease in cell viability was statistically significant (p≤0.001; fig. 4B ). therefore, cQ-mediated autophagy blockade, on its own or in combination with TRAIL significantly decreased cell viability. co-treatment of trail-refractory cells with trail and autophagy blockade reduced cell viability to a greater extent than either alone.
Discussion
Since trail is preferentially cytotoxic to tumor cells but not normal cells, it is considered to have strong potential as an anticancer agent. However, ~50% of tumor cell lines and the majority of primary tumors derived from cancer patients have shown resistance to trail and most human breast cancer cell lines are highly resistant to trail-induced apoptosis (14) . thus, the key to success of development of trail receptor-targeted therapies for cancer treatment is overcoming tumor resistance. our laboratory has previously shown that MtDH could contribute to trail resistance in breast cancer cells both in vitro and in vivo, suggesting that MtDH inhibition could be used to restore trail sensitivity in trail-resistant breast cancers (21) . We also demonstrated that MtDH could enhance resistance to trail-induced death by MtDH may overlap mechanisms: akt activation, upregulation of Bcl-2 mediated by mir-16, downregulation of caspase-8, and decreased recruitment of caspase-8 into the DiSc.
autophagy is an evolutionarily conserved catabolic process. it is characterized by the appearance of autophagic vesicles and their content degraded by the cellular lysosomal system and the cell death process (22) . in the cancer cells, it is still unclear if autophagy represents a survival mechanism or is involved in type Ⅱ programmed cell death (PCD) (23). In addition, the common clinical anticancer drug cQ, inhibited autophagy and counteracted the cytotoxic effect of trail.
We investigated whether the formation of autophagosomes was further enhanced in the presence of trail in breast cancer cells by immunoblotting, immunofluorescence staining and MDc staining. results from analysis indicated that the induction of autophagy was dose-dependent in MDa-MB-231 and MDa-MB-231 trail-refractory cells ( fig. 2) . our results suggested that autophagy might represent a general mechanism responsible for circumventing and/or delaying trail-induced cell death.
to unambiguously demonstrate that enhanced basal autophagy causally protected MDa-MB-231 trail-refractory cells from cell death upon chronic exposure to trail, we measured autophagosome accumulation by fluorescence microscopy of lc3B-ii immunoblotting ( fig. 3 ). Microtubule associated protein 1 LC3 protein, the first-known mammalian protein that is specifically associated with the autophagosomal membrane is involved in the formation of autophagosomes and its alteration from a cytosolic form LC3B-Ⅰ to a lipidated form LC3B-Ⅱ. Thus it has been widely used as a molecular marker of autophagosomes. the typical punctate staining that accompanied the translocation of LC3B-Ⅱ from the cytosol to the autophagosome membrane was detected at high levels in MDa-MB-231 trail-refractory cells, suggesting that MDa-MB-231 trail-refractory cells are uniquely characterized by their ability to sustain high levels of trail-induced macroautophagy without induction of figure 5 . changes in the cell proliferation of tumor necrosis factor-related apoptosis-inducing ligand (trail)-refractory cells upon small interfering rna (sirna)-induced knockdown of the autophagosome marker light chain 3 (lc3). trail-refractory cells were transfected with the potent and highly sequence-specific mechanism of RNA interference (RNAi) to block lc3-dependent autophagosome formation. (a) after transfection for 72 h, non-specific negative control, and RNAi LC3-transfected cells were used for immunoblotting and immunofluorescence analyses of LC3 expression. β-actin was detected as a loading control. Scale bar, 10 µm. (B) after transfection for 48 h, the proliferation rates of non-specific negative control-, rnai lc3-transfected cells and rnai lc3-transfected cells with 40 ng/ml trail were analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Mtt). equivalent results were obtained in three independent experiments. * P<0.0. cell death. Autophagy flux was also confirmed by fluorescence microscopy and immunoblotting of p62/SQStM1 protein ( fig. 3a and c) . p62/SQStM1 itself is degraded by autophagy. it was shown that p62/SQStM1 protein expression was reduced in trail-refractory cells supporting the notion that the catabolic function of activated basal autophagy plays a pro-survival role in trail-refractory cells. When high levels of lc3B-lipidated form associate with impairment in autophagosome maturation, this phenomenon is accompanied by a marked increase in the level of p62/SQStM1. conversely, increased LC3B-Ⅱ levels together with a reduction of p62/SQStM1 protein levels characterized the occurrence of autophagic flux increase (24) .
MDc autophagy-specific f luorescence staining analyses and electron microscopy also confirmed this point ( Fig. 3D and E) . Briefly, using complementary approaches, we showed an upregulated formation of autophagosomes in the MDa-MB-231 trail-refractory breast cancer cells.
further, to determine whether autophagy induced by trail could provide an indispensable role in cell survival and facilitate the development of acquired resistance to trail, we pharmacologically impaired function of macroautophagosomes by using the small-molecule autophagy inhibitors ly294002 and cQ, by Mtt assays (fig. 4) . the results showed that they significantly reduced cell viability in trail-refractory cells. further, combination treatment with trail and cQ synergistically reduced the viability of MDa-MB-231 trail-refractory cancer cells ( fig. 4) , suggesting cQ was able to reverse the resistance to trail and interestingly even played synergistic action with trail.
ly294002 is in many cases a very effective inhibitor of class Ⅰ PI3K/Akt in autophagy (25) . CQ and hydroxychloroquine (HcQ) are often used in combination with chemotherapeutic drugs to enhance the efficacy of tumor cell killing. Moreover, they can suppress autophagy by inhibiting the lysosomal protease activity via neutralization of the lysosomal pH. HcQ and cQ are commonly used in suppression of autophagy (26) . cQ acts on autophagosome maturation and blocks autophagic flux, as well as increases the expression of autophagic markers, including the number of autophagosomes and level of LC3-Ⅱ. In fact, CQ is probably the only autophagy inhibitor currently used in clinical trials (phase Ⅰ and Ⅱ) in combination with various cancer therapeutic agents in different tumor types, including pancreatic, breast, colon and prostate cancer, as well as advanced solid tumors (27) .
We finally used RNAi to specifically inhibit autophagy formation ( fig. 5) . the knocking down of lc3 (the autophagosome membrane protein) by sirna similarly decreased trail-r cell viability as measured by Mtt. in contrast to either agent alone, trail and autophagy lc3 sirna showed a profound combinatorial effect, greatly inhibited the proliferation of trail-refractory cells. these combined studies not only demonstrate that development of acquired resistance to trail was related to the activation of autophagy but further confirmed an active role of chemoresistance and cancer cell survival in the maintenance of trail refraction. We will further explore the mechanism of autophagy in trail-refractory breast cancer cells. in summary, we have shown for the first time that autophagy plays a potent cytoprotective mechanism in the resistance of trail. in addition, effectively blocking autophagosome formation could enhance TRAIL efficacy in MDa-MB-231 trail-refractory cells. clinical trials are currently ongoing which explore the combination of anti-autophagy strategies with standard therapies in human cancers (28) . our data indicate that caution is necessary in the selection of autophagy inhibitors for combination with trail receptor-targeted therapies, which possibly could enhance the pro-apoptotic effect of trail at doses well-tolerated by patients.
